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THERMAL THEORY OF COMBUSTION AND EXPLOSION*

~ By N. ¥. Semenov
. ;NTRODUCTION o

In his "Outlines of Dynamic Chemistry“ of 1884,
van't Hoff formulated the basic laws governing the prog-
ress of simple chemical reactions. For the case of mutual
"interaction of two sets of particles, the velocity of re-
action is proportional to the number of collisions between
the molecules - that is, to the square of the number of"
molecules per unit volume, if the reaction is between ths.
same kind. of molecules (201;0 = 201, +'05), -and to the
product of the numbers of molecules if the reaction is be-
tween molecules of different kinds (Hp + Iz = 2HI),
Van't Hoff denoted reactions of this type as bimolecular
(or reactions of the second order).

'In the case where the molecule breaks up in the in-
terval of free flight between impacts (CHs;NNCHz; = CoHg + N,),
the reaction velocity will be proportiohal to the. first
power of the humber of molecules per unit volume. Reac-
tions of this type, van't Hoff denoted as monomolecular (or
reactions of the first order).

The constant of the reactlon velocity increases with

B
the tcmperature, according to the. exponential law e BT
where T is the absolute temperature,"R” the gas con—,'
stant, equal to 2 cal/deg, and E .a magnitude which is' .
characteristic of each reaction (determining the- rate of
inérease of the velocity with the temperature). Arrhenius,
some years later, demonstrated in greater detail tho cor-
rectness of this temperature law ami.gave s simple explana-
tion, based on the kinetic theory, of the- magnitude B,
which-hé called the energy of activation. - He assumed. that
not- all molecules took part in the reaction - only those
in an active state - the energy.’ imparted to'a molescule in:
the active state - ‘being greater than”a certain amount - E..
Accordlng to the Boltzman 1aw, the number of ectiva mole=-

*Fron Progress of - Physical Science (v.s. S R ) vol. 23,
no. 3, 1940, pp. 251-292.
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culos constitute a fraction eu‘RT of the inactive mole-
cules., It follows that the veloclty of reaction expressed
in termsg of the number of reacting molecules per unit time
per unit volume will -be S S

we=iE_(ag-x)" e B

where n = 2 for bimélegular and n = 1 for monomolecular
reactions. (x 4is the number of activated molecules at a
given instant t.) %; the start of the reaction when

x =0, wo=%ka" e ®T. (a 1s the number of molecules of

the initial substance per unit volume at the start of reac-
tion.) The constant k for bimolecular reactions 1is, ev-

1dently, equal to 27 ¢® v where ¢ is the diameter
and v the thermal veloecity of the molecule. In the casge
of monomolegular reactions k = v where v 1is the number
of vibraticns of the molecule for the type of molecular
bond that is broken -~ that is, a magnitude of the order of

1032 . 104,

Five years ago Byring, on the basis of modern statisg-
tical methods and data on the structure and energy of the
molecule, considered this problem (theory of an activated
complex) and for simple cases arrived at practically the
sane result as that given above. For more complex mole-
cules entering bimolecular reactions, he showed the possi-
bility of a small steric factor appreclably decreasing the
nagnitude %X and gave a method for the approximate evalua-
tion of this factor. For monomolecular reactions, Eyring
showed that in certain (very spocial) cases the constant k
may exceed the value 10'%, the value, however, remaining

103 - 1014 for most actual processes. Thus, for elemen-
tery reactions, the theories of van't Hoff and Arrhenius
have retained their full validity up to the present. In

" the light of recent developments, however (in particular,
the theory of chain reactions), the actual processes in-
volved are more complicated than appeared to the founders
of the early theory. The elementary stages of a complex
reaction (with various intermediate products) follow the
laws of van't Hoff and Arrhenius, but the reaction as a
whole often follows laws very differcent from the simple re-~
lations for bimolecular and monomolecular processes. 4
law of wide application, .for example, for the lnitial
phases (20 to 30 percent) of the transformation in a large
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numboer of exothermic reactions, ls w = AecPt where @ de-
pends on the concentration of the initial sudbstances and’
e - = S S

increasos as e BT ith the temperature. . In this case .
the velocity of reaction as a funetion of the concentration

of initial substances isg %% = w-'= kx; that is, the veloe-

ity of reaction in its first phases is proportional to the
quantity of the substances reacting at the given instant

of time. In many cases this law may be generalized for
the entire transformation process in the form
B

- amm——

w =% (a - x) xe &T

Such lawes are typical for the majority of thermal re-
actions in oxygen and air. In many cases the velocity of a
complicated reactlon depends on the square root of the con-
centration of one of the different kinds of molecule tak-
ing part in the reaction. Thus, for the reaction of hy-
drogen with bromine :

B
w = k(Hp) (Brj ) e RT

where the symbol in parentheses indicates the number per
unit volume of the molecules indicated.

Cases are encountered, however, where the complex
reaction formally leads to the samne type of laws as for
simple monomolecular and bimolecular reactions, although
the meaning and magnitude of the constant k is now dif-
ferent and the energy of activation B 1is made up of the
sum of the energies of the elementary processes constitute
ing the complex reaction. Thus, the disintegration of
nany orga%?c substances is formally represented by the law

w = kae RT, but there is no doubt that this reaction -
follows a qerles of monomolecular, bimolecular, and tri-
molecular stages. Fortunately, for all our considera-
tions below, we require only the formal, experimentally
obtained expression for the reaction velocity as a func-
tion of the initial concentration and temperature, and
thére .is no need for- knowing the actual meehanism of the
_process. '

The mathematical treatment of the results is most
simple for those cases where we deal with formal laws of
reactions of the first and second order; hence we. shall
consider these malnly.
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_ After the above brief remarks on the chemical kinetic
theory, we now pass to the subject proper of our paper,
“namely, the present state of the thermsl theory of combus-
tion and explosion. It may be remarked incidentally that
these phenonena are so widespread, so intensively utilized
in engineering practice (heating, internal-combustion en-
ginés, explosives) that the theoretical principles under-
lying combustion and explosion should be made part of a
general course of physical- science instruction together
with courses on heat conduction and thermodyunamic cycles,
The reason for the absence of these subjects in the gen-
eral course may be ascribed to the lack of scientific anal-
ysis of these phenomens. Within the last ten years, how-
ever, mainly as a result of the work of Soviet scientists
on the fundamental principles of the theory of combustion
and explosion, a start has been made toward filling the-
gap. As we shall see below, the theory of these phenom-
ena is not. fundamentally complicated and is in a form that
may b6 . successfully presented to students. Unfortu-~
nately, in the existing literature on the subject, there
is only one attempt at a systematic presentation of the
theory of the above-mentioned phenomens on the basis of
" our work and the work in foreign countries. That is the
‘recently published book by Jost (reference 2). Ko such
Book exists in the Russian language. For this fact the
author and his coworkers are to blame inasmuch as we are
responsible to a considerable extent for the theory. The
present paper is an attempt - at least, partially - %o
make good the defect by outlining briefly the theory of
combustion and explosion. Of course, the gquestion as to
the necessity for a detailed monograph on this branch of
science still remains.

The question as to the ngture of the selfsignition
phenomenon that occurs in a combustible gas with rise in
tomperature up t0 the "self-ignition temperature" was.
first considered By van't Hoff in 1883 in his before-
mentioned book "Outlines of Chemieal Dynamics.® In that
book van't Hoff glves a generally correct qualitative for-
mulation of the causes of the phenomenon. We shall here
quote from the corresponding section of his book:

"One of the conclusions of the preceding chapter de-
serves special attention since it is in apparent contra-
diction with the phenomenon of ignition. The experiments
just referred to on the effect of the temperatures on the
velocity of reaction lead to the asgsunption of the conti-
nuity of this phenomenon, & continuity derived both as a
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result of the experiments described and the theorotical
considerations to  whieh I referred. The phenomenon of igw-
,=nitlon, however, " occurring suddenly at a given tempera-
ture, apparently shows that the" assumed cantinuity of-the-
process admits of an exception. Meyer, for example, in
regard” to this question,-expresses himself as follows. e“

*The start of the reaction may, in general be consid—
ered: to be the instant of lowest ‘temperature at which a-
definite chemical transformation still takes place: and
which ' is generally denoted as the ignition point . when.
dealing with combustibdle substances."

We flnd;here an obvious contradlction to the consid-
erations on the effect of.the temperature on the velocity
of ‘reaction. Actwally these considerations exclude any:
sudden acceleration and require that the chemical change,.
ifoccurring at 'a given temperature, should occur also at
other temperatures, though at a different velocity.
Closer. enamlnatlon of the problem shows that the ignition
phenomenon in no way requires the existence of a definlte
temperature at,which the reaction begins. In this case.
the phenomenon fits in completely with the theory devel-
oped above,

This reasoning is based on three conditions which
should be satisfied for every chemical transformation ca-
pable of leading to ignition. Before presenting these '
conditions, I may remark that under the term 'ignition!

I understand not only the explos1ve phenomenon but the
entire transformation which occurs with a local ‘rise in
temperature up to the so- called 'ignition temperature.

In svery phenomenon of this kind we see that the- following
conditions are satlsfied. ' T : ' o

1. The transformation is accompanled by heat 1ib-
' eratlon. '_'

2 The transfornatlon occurs ‘at .a more or- lessvf
slover rate at temperatures lowér than the -
ignition temperature.

The transformation ‘ig- accelerated w1th increase
* in-the temperature.w~« : -

"Witn these three conditlons satisfieﬂ a phenomenon
such as lgnition can occur. 'In order to show this, ‘let ‘us
- suppose that at a certain point of the medium not subject
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to chemical. change - for example,. the atmospherlc alr - .
the temperature is raised . from . O to -T. When: the heat .
source. i renoved the. temperatu:e rlse will. be graduallytﬂ
spread as a kind.of- heat vayve This wave will be. propa~
gated with a definite velocity, the temperature dr0pp1ng
more and more. to- zero.“ The graphical presentation. of the
relation between the temperature and the distance from the
starting point. O is given by the curver T,A . (fig. 1) -
tenperatures being given along 0T and distances along .
0D. .For briefness we' 'shall denote by AT  the decrease.in
temperature in the heat wave a short time after the start.,

Mle shall now suppose that in the medium considered, a
chémical change is possible and that it satisfies the three
conditions above -« gubstituting, for example, a combustiw
"ble mixture for the atmospheric alr. The local increase
in temperature will then give rise to the above-descrided
wave, with this difference only, that the temperature will
decrease at a slower rate oen belng propagated, especially
at the start, because the chemical change brought about by
the rise in.temperature .results in heat liberation. The
value of AT 1is thus decreased and the graphical repre-.
sentation of the heat wave for this case is that glven by
curve T,A, (fig. 2). :

‘ "We shall now deotermine the effect of a rise in tem-
perature in both cases, . As regards the medium, not sub=-
ject to chemical action (atmospherlc air), what occurs '
simply is that in .the heat wave the lowering of the tem~
perature AT will be greater (as . indicated by the curve
Tohs (fig. 1)) due to the greater differences in tempera-
ture between the wave and the medium in which it is prop-
agated. The assumption of the possibility of chemical
change (combustible mixture) leads simultaneously to this
effect, by which AT 4is increased, and to the other ef=
. feet, by whiech AT 4ig decreagsed. In fact, the chenical
reaction, accelerated by the higher temperature of the
wave, will in this case give a greater heat liberation.
Thus, if the slowing action prevails, the value of AT
will decrease with rise in the temperature.

#7ith the above facts in mind, we can predict that
there is a certain temperature Tz (fig. 2) for which the
value of AT becomes zero or, in other words, the tem-
perature at which the heat wave is propagated is constant
as indicated by the horizontal line T A; in figure 2.

In . exactly the same manner a still higher initial ;tempera-
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ture T, gives rise to a heat wave whose temperature, in-

stead of decreasing, increases to a value at which the »
.-completemchemical;actiop,canmggggy, Such a process is in<
dicated by the curve To A, (fig. 2). LTI T e e

"It is evident that waves with decreasing temperature
glve rise .to only a very small chemical action while waves
with increasing temperature lead to complete chemical ac-
tion. Consequently, the temperature T, which gives &
constant temperature wave corresponds to the ignition tem—.
perature, : : . :

"It would not be difficult to express all that has
been said above by a mathematical formula but I prefer to
express the result as follows: The ignition temperature
is that temperature at which the initial loss in heat due -
$o heat conduction, and so forth, is equal to the heat
liberated at the same time by the chemical transformabion.

"From the above. considerations it appears to me that
the ignition phenomenon is completely accounted for by
the effect of the.temperature on the veloclty of reac-
tion." (See van't Hoff's "Outlines. of Chemical Dynamics,®
PP. 111..113.)

Although van!t Hoff here gave no quantitative formu-
lation of the.ignition phenomenon and even his qualita—-
tive treatment is far from accurate, nevertheless he did
Correctly estahlish the physical nature of the phenomenon,
He was the first to show that ignition is the result of a
reaction which « if a certain amount of heat is liberated
(that is, if the mixture is hseted to .the corresponding
temperature) in order .that the heat may not be be con-
ducted wway BY . the walls - leads to an abrupt rise in
temperature and velocity of reaction, a process which we
denote as explosive. .There is thus no contradiction be-
‘tween the phenomenon .of self-ignition and the continuity
of the change in velocity of reaction with temperature
rise. The phenomenon of self-ignition is the result of
the dewendence of the speed of reaction on the temperature
if account is taken of the heating which arises in exo-
thermic reactions and which leads to a change of tempera-
ture with time. - '

It i a curious fact that for forty years the view
held by van't Hoff on the nature of self-ignition was not
‘mathematiecally formulated in any clear manner - this in
-spite of the fact that the concept of. ignition tempera—
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ture vas very often made use of as a certdain constant of
the substance (for example, in the theory of flame propa-
gation), although from the analysis of van't Hoff and
from experimental determination of this magnitude, it was
evident thet the ignition temperature is not a constant
but depends on the conditions under which the heat is
liberated.

In 1927-28 the suthor succeeded, by very simple neans,
in giving a mathematical formulation to the theory of
vanlt Hoff (reference 3). The author at that time was un-
familiar with the work of van't Hoff and arrived at his
conclusions by the method of analogy - applying his re- _
sults and those of A. F. Walter in the field of dielectric
breakdown to the ignition problem. It is very instructive
to note how the same physical factors and considerations
may be applied to quite different natural phenomena. For
this reason I should like to dwell briefly on our work on
the thermal puncture of dielectrics. The conductivity of
a dielectric increases with the temperature according to
the same law that governs the speed of chemical reactions,
WVhen a voltage is applied to a dielectric, then according
to Joulel!s law, heat is developed which is proportional
to the conductivity times the square of the applied poten-
tial difference, On increasing the potential difference‘
the amount of heat developed may become so large, however,
that the thermal. equilibrium is upset. The dielectric
then begins to heat up gradually, as a result of which
the electrical conductivity increases and still more heat
ig developed until finaglly the flow of heat is-so great
that the dielectric melts and evaporates, that is, it
punctures. The above considerations are the physical ba-
sis of tae thermsl theory of dielectric breakdown - very
similar, as we see, %o the thermal theory of explosion,

An essential difference, however, is constituted by
the fact that the dielectric does not all melt but the
puncture occurs along a narrow, cylindrical channel in
the form of a filament between the two electrodes. This
led VWagner, who in 1910 first presented the thermal theory
of dielectric breakdown, to formulate the theory incor-
rectly. (He considered the heat liberated, not in the
electrodes, but in the dielectric along the surface of the
channel through which the puncture occurs.) Walter, Fock,
‘the author in Russia, and Rogovsky in Germany, independent-
ly of one another, first formulated the correct thermal
theory of dielectric breakdown. :
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The. explanation for the filament-shaped puncture was
as follows: We assumed that the dielectric. was all heat~

~..8d by the current and that the heat was given of f chie;ly

at the electrodes. As & result, -however,. of the .small.
temperature. gradient in the planes parallel %to. the elec—
trodes the breakdown of the thermal equilibrium first oc—
cirs at the center where the temperature is greater -.
though by a small amount -~ than that at the edges. As
soon as the abrupt increase in the temperature in the .cen-
tral part of the dielectric starts, the electric conduc—
tivity increases §so rapidly.that the potential difference
on the electrodes drops automatically, as a result of
which the remaining parts of the dielectric are not punce.
tured. Only in this circumstance is there a difference .
betveen dielectric puncture and thermal explosion. This
difference does not, however, concern the conditions under
which Dbreakdown in the thermal equilibrium occurs but re-—.
lates to the manner in which the phenomenon develops after
the breakdown of equilibrium has already occurred. A nun-
ber of considerations led to the conclusion that in the
case where the initial electrical conductivity is large
and puncture occurs at a low voltage, the conditions for
the formation of a filament-shaped puncture become less
favorable and we may then directly observe the breakdown
in equilibrium throughout the dielectric leading to melte
ing and vaporization of a considerable portion of it. A%
sufficiently high temperatures in the dielectric breakdown
of rock salt a considerable portion of the substance is
actually vaporized and thepunctured hole is about the
width of a finger. For gelatine this phenomenon may be ob-
served 2t room temperature.

From the mathematical formulation of the theory a
number of results were arrived at. (The temperature coef-
ficlent ‘of the puncturing voltage should be equal to .half
the temperature coefficient of the electric conductivity;
the puncturing voltage should drop according to a .definite
law as a function of tiie change in thermal conductivity; .
electrodes, etc.) All these results were strietly con-
firmed by the tests of Walter and Inge, by whom the ther-
mel .theory of dielectric breakdown was finally established.

When the author in 1927 interested hinself in the phe-~

- -nomenon.of . explosion, he immediately discerned the analogy

‘of this phenomenon with that of thermal puncturing-of Ate-
electrics. If, during the breakdown, the amount of heat
generated by th%icurrent'per unit voluihe is equal to

g = 0,24 0y & RT Vz, where Og © RT is the electric
conductivity, V +the applied voltage, then for a chemical
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reaction the samé-magnitudée is equal to 'q =Q'w = Q'kae
where: Q' 1s the heat considered for 1 moleculs of the
product, -a° the number of ‘molecules of the initial sub-
stance per‘unitquluhe‘(;.el;'a magnitude proportional to
the gas pressure). Thus in“the cagse of "dielectric punc-
ture, if we can find a relation between the puncturing -
voltage and the temperature we should, in the case of self-
ignition, obtain a relation between the self-ignition tem-
perature and the gas pressurse. : : -

Below we shall present the hent theory of combustion
and explosion, dividing the work into thrce parts: 1) the
thermal theory of self-ignition, 2) the theory of igni- .
tion by hot bodies, and 3) the theory of flame, K propaga-
tion; and shall illustrate the theoretical with the exper-
imental results - few of which, however, are available.
The entire theory was developed over a number of years at
the Institute of Physical Chemistry by Semenov, Todes,
Zeldoviech, Frank-Kamenetsky, and partly by Belaev, Appin,
and Chelkin. The experimental illustrations are taken
from the investigations of our institute (Zagulin, Neiman,
Roginsky, Belayev, Appin, and others), and from the work
in other countries, :

The present paper 1is concerned only with thermal ig-
nition and combustion, and no treatment is given of the
general and very interesting subject of chain self-igni-
tion and the propagation of flames, to which subject a -
separate article will be devoted.

I. THERMAL SELF-IGNITION*

In o reaction in the gaseous phase with velocity w,
measured by. the number of molecules of the product appear-
ing per second per unit volume, the amount of heat given
of f pér second in the entire volume v of the vessel is

q, = v Q' w

where Q' is the heat liberatoed by each eleméntary proc-
ess of the reaction; that is, Q' = Q/N, where Q 1is the
heat of the reaction for one gram-mol of the product, and

*Pho entire theoretical part is based on the work of
Simenov, Todes, and Frank-Kamenet sky (references 3, 4, and
5). ‘ ‘
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¥ the Avogadro number (¥ = 6 X 1023). As has been shown,
the velocity of the reaction at the initial stage as a -
funetion of the absolute temperature T and the number of

" molecules : &  of the.inltial substance per unit v°1ume 1s
"iﬁ

equal to w = k,ae RT_ for"monomolecular, and kzaae
for bimolecular reactions, so that
. , 5

4 =~ e kg.e- , L (1)

where for monomolecular reactions n =1, and for bimolec—
ular’ reactions n o= 2. -

The amount of heat conducted away by the valls of the
vessel will be

ag = X (m'_ To) S (2)

where X is the coefficient of heat conductivity, T the
temperature of the reacting gas, T, the vessel-wall tem-
perature applied from the outside, znd S the area of the

walls,

Figures 3 énd 4 show q3 and gz as functions of the

témperature. Figure 3 corresponds to the case where the
vessel wall is subject to a temperature T, and the pres—~

sure of the reacting gas changes - that.is, the magnitude

a in formula (1). Curve 1 corresvonds to the smallest
value of a, " nanely, a,; curve 2, to a medium value ay;
and curve 3, to the largest value az. For a = a, the
gain in heat gq,; 1is at first larger than the heat loss qze
Ag a result, the gas will e heated to a higher temperature
than that of the walls of the vessel., Thig situation con-—
tinues, howvever, only up to the instant that the temperature
of tlie gas reaches a certain value T‘ (intersectlon of
the curves q, and qgz) vhere q, = qa. Beyond this point
the gas will not further heat up because for T >T!'; the
heat conducted awvay, Qps  will be greater than the heat
gain, q,, and if, for some reason, the gas temperature

were to become greater than T',, 1t would again cool down
‘to”theﬂsame'tempera%ure Bt .% Thug for the case consid-

Only in the case where we artiflciallv heat the gas (for
example, by adiabatic compression) to a temperature higher
(GontinLed on'p. 12.



12 NACA Technical Memorandum No. 1024

. 8réd, -the reaction does not lemd to self- ignition‘hnd the
action is limited to the heating of the gas up to the tem-
perature T', - somewhat higher than that of the walls of
the vessel, - ,

.~ For the same temperature T,, if the pressure in the
vessel were increased to a2 sufficiently high degree or,
what amounts to the same thing, for a sufficlently high
value a = a,, qi as a function of the temperaturc will
be given by curve 3, which at no point intersects the
stralght line q,. In this case the heat gain gq; 1s at
all temperatures greater than the heat conducted away qy,
and thus the gas will be continually heated, the reaction
velocity will increase more and nore, and we shall then -
have explosive reaction. Hence for a = a,, thermal
self-ignition will take place. - o

Curve 2 for =a = ay touches the straight line qp
at one point, and thus separates the region of stationary
reaction from the region of self-ignition, The magnitude
a, or the pressure corresponding to it, p,, defincs
the critical pressure of self«lgnitlon for a given vessel
temperature T,.

If, keeping the pressure of the gas constant the'

o (2) (2)
wall tcmperature is varied T, < To< T, , the behavior

of the gas will be represcnted by figure 4. Wc now have a
singlc curve of heat gain q, and three straight heat-loss
linos corresponding to three wall tomperatures. By the same
considerations as above we may show that for To1 <To no
self-ignition occurs; for T(s) > T, self-ignition doos oc-
cur. We denote tho teuperature T, at which the curve gq;
1s tangent at oné point to the stralght line g, as the low-

est temperature of self-ignition or, simply, the self-
ignition temperature for the glven pressure p. The point

(Continuation of footnote from p. 11)

than the second point of intersection T', does gq; agaln
become greater than gy and explosive reaction is again
possible. This second point of intersection does not give
a stable value of the temperature, for if T 1is. slightly
less than T'y, the temperature drops to T'y, and if T
1s slightly greater than T's, explosion occurs. Thus'

this sccond point of intersection is of no significance in
- the thoory of self-ignition and is of interest only in
questions of artifieisl ignitlon assoclated with heating
of the gas.
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of tangency of qz =and g; corresponds to the tempera-
ture T,; the difference 8T = T; - T, we shall denote
..as._ the preignition heating. Between the temperature of
self- ignitlon and the pressure {or the number _a). of _the
mixture, an analytical relation may be derived by making
use of the fact that at the point of tangenecy (for T = T,)
d; = gz and also their temperature derivatives dq,/dT =

dq5/aT; +that is,

- E
BT .
n . 1
vek aN © = % (Ty - Ty) S . (3)
E
RT ~
v Q k an B e 1 = v §
- =%
NRT

From these two equations we can, first of all, find the
temperature T, at the point of contact as a function of

the vessel-wall temperature T,. Eliminating ¥ S from
. both equations, there are obtained:
E RT,®
1 = —= (T, - T,) or Lo - T, + Ty, =0
RT,? E
N 4RT
1 1 - —5

It is to be noted that for the majority of reactions
of interest to uns, RT,/E is a small magnitude not gener-
ally exceeding the value 0.05. The self-ignition tempera-
ture is generally below 1000° X, and the activation energy
E is usually greater than 20,000 calories where, for a
low value of E, we have a low ignition temperature angd,
conversely, for a high value of E, a high ignition
temperature., The solution with the positive sign of the
radical should be disregarded because then T, Ybecomes
equal to E/R - that is, has a value of the order of lODOO
and above,* and because the solution with the negative sign
corresponding to the point of tangency on figures 3 and 4

*The two signs occur because the function e‘§7ET has a
point of inflection for very high temperatures and for
T—>c approaches unity. Hence the straight g, lines, on
being extrapolated to some tens of theusands of degrees,
intersect the curve q, a second time (not shown on fig. 3).
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gives a much lower temperature Tl.“Thué,

) - 5 ‘
, RT /RT

1 1 - 3E—2 .2 + 2 ( + 4 ‘>. + eee

T1'=‘ = —
B E

RTO
¥or -—= < 0,05, , DAy disregard the terms of the series
startlng with 4 7%? s ‘theredy int:oducing an error of the

order

5 (RT> 1005 < 0.0025 X 2 X 100% = 0.5%

of the measured value T,.

- Thus,
Rmoa
Ty, = To + > : (4)
and é
ATy, = Ty - Ty = BTo (5)

kvl
ol

The value AT, for the case when it is known that ignition
does nct occur (the temperature T, is below the self- .
ignition temperature), will always be less than ng = _%Q_.
RT
Thus if the increment AT 1is less then —gg—, explo-
sion is impossible and, conversely, if AT > RT,®/E, ex-
plosion should take place. TFor different values of T,
and activation energy E, the value of AT, will be dif-
fevent but those cases of inbterest to us will never, as a
rule, exceced a few tens of degrees. Thus, for examnple,
for T, = 700° ¥ and E = 30,000 calcries AT, ; 23°% for
T, = 700° £ and E = 60,000 caleries AT, ~ 16°. We thus
. AT, _ RT, -
see that tne ratio —= % —
+5 b

der of a few hundredths). We shall therefore in what fol-
lows, assuune: )

is always small (of\the'or-

1
o
+
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Substituting the value found for T,  in equation (3), we
obtain the condition of self-ignition = '

LT e ~ww-lzﬁ.u1»MWM”._hﬂh o
w (1 - 2 .A_E.L e = %X 8

' ATI _ RT, ' AT;,

or setting - and neglecting on, the 1efta To

in comparison with unitJ (which corresponds to an error 1n
the value of a 1less than 10 percent), we obtdin the con—
dit1on for self-ignitlon 1n the form

n . L . -
Q vka E e e _-l . | (6)

The number of molecules a per unit volume is connected
with the pressure expressed in millimeters of mercury by
the following relation:

p = é%l dyn/en® = é%l 10" % bar/cm®

= é%g 10°° x 750 nm Hg/cmz

where R = 83,15 X 10° ergs. Hence,

p = aTl 10*%, a2 = % 10*® B (7)
Substitﬁting in (6) we obtéin a relation~be£Weeﬁ;the‘ﬁres-
sure p of the gas and the temperature of .self-ignition

E. .
. RT4
e . =,1

Qv k'p % e 1019n
NRT, 2Fn XS

[

o
ke
oo
=3 .

w ‘,
P

w

~

1g_;E_5v= fﬁ +»B, ’where“ &
BB
NRXS
QvkeE 10°

(%)

+
l

o
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A | o | .
For 'n &'1"'lg*§% =z +'B, -where 'A = 0.217 Z.° (9)-

'_For_ n =2 'igﬁé%-éfiiﬁ+~3; vhare A 0.11 E (10)

In the case of a.bimolecular .reaction between two com-
ponents of the compound ~ for example, hydrogen and chlo=-
rine - all formulas remain the same except that the magni-
tude a (the number of Hp and. Clz molecules in 1 cm3)

is multinlied by the . product Y (1 - Y¥) where Y and

1 - %Y are’the fractions of the two .components, respec-~ .
tively. Moreover, the heat conductivity will change with
change in composition of the compound.

. We shall give some examples confirming the above ecua-
tion. Pigure 5 shows the results obtained by Zagulin (ref-
erence 6) for the decomposition of 01,0, 1lg p/T, where
P, is the pressure at ‘which self-ignition occurs, being

plotted against 1/T, the reciprocal of the absolute tem-
perature of the apparatus. (Zagulin plotted as ordinates
lg p/T and not 1lg p/T°. However, as is easy %o show..in

the temperature -intervel considered the curve 1lg p/T°.  as
a function of 1/T 1is practically a straight line whlch,
to a first approximation, is parallel to thegtraight line

lg (%L> agalnst ~%.)

The decomposition'of C1,0, according to Hinshelwood
(reference 7), is bimolecular where 'E = 21,000 - 22,000
calories. Zagulin obtained for A4 (see formula (9)) the
value 2500. According to the theory and results of Hinshel-
wood A should be equal to- 0.112, 2E = O, 11 X 22, OOO =
2400, in good agreement with experiment. :

Figure 6 gives the results of the same author (refer-
ence 6) for the self~ignition of & mixture of hydrogen
with chlorine for various percentages of the components.
As mignt have been expected, 1g p/T and hence with suffi-
cient accuracy also 1lg p/T?, varies linearly with the re-

ciprocal of the absolute temperature, all of the straight
~lines being parsallel to one another, that is, correspond-

ing to the same velue of the constant A. The latter was
found to equal.2600 to 2900,
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- On investigating the kinetics of the reaction Hp +
GlB for the temperature 205°, Piece showed that the reac~
tion wes bimolecular (Velocity proportional to the product
THZ) (01,)). "In thiy case; from the data. of Zagulin, we
obtain A ~,0 11 E or E = 2750/0 11 = 25,000 calories.

_ Ghristiansen gives for the energy. of actiVation of
this reac¢tion the vaglue 25,000 to 30,000 calories. PFronm
the: datd of Piete (reference 8), the result obtained.is

- that the activation energy ‘is equal to 20,000 to 25,000
calories., On figure 7 is given the curve of 1lg p/Ts ,
against 1/T for the self-ignition of azomethane according
to Rice and Allen (reference 9). Curve 1 is for pure azo-
rethane, and curve 2 for azonethane diluted with helium
(76 percent He in mixzture).. The decomposition of azometh-
ane is monomolecular. Wlth increase in the pressure, howe
ever, the velocity constant increases somewhat, tending

. toward the 1limit ko, for sufficiently high pressures.

For this reason, it is necessary to multiply the expres—
sion for the critical pressure by k/k°° and to plot not

lg p/T4%, but lg kp/k,T,°, as was done in figure 7.

The dots on the figure correspond to the tests with pure
azomethane, the small-crosses to the solution of azometh-
ane and helium (He 76 percent), and the circles to the
mixture with nitrogen (50 percent). The cbnstant A was
found to be 11,000. Computing E from E = A/0.217, the
authorg obtained 50,000 calories -~ that is, the same value
(51,000) as that given by Rice..and Ramsberger (reference
10) from direct kinetic tests.

As we have seen, there enter. into the equation of
self-ignition (formula {(6)) both the parameters determin-~
ing the velocity of the reaction (constant k, activation
energy E) and the 4thermal nagnitudes (heat of reaction K,
conductivity X, dimensions of the vessel), The equation
may be recast into a more simple form if these parameters
are grouped in the proper manner and converted. into magni-
tudes easily determined from tests (Todes, references 4
and 11). As one of these parameters determining the heat
conduction, we shall choose the time constant of the reao~
tion - that is, the tinme tg, during which the initially
heated (but not-reacting) gas, due to heat conduction atb
the walls, decreases in. temperature Py e times the t em—~
.perature difference (AT = T ~ T,). The time %t does
not naturally depend either on the magnitude of AT or
on the absolute temperature because the coefficlent
X -does not depend..ord these. gt can easily be shown that
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by = Gha'iji TfHLMfQi:: li o (11)

Whefe ¢  1§.the'é?éﬁwéoieCular:hpat”pgpaéify.f}?Af;f

"We shall characterizé the reaction velocity by a mag-
nitude ~nverse1y proportional to it, namely, the time of
the reaction tp, denoting by the 1atter the time during
which all the initial substanceé would have. been consumed.
by the reaction if the latter occurred at a constant veloc-
ity, namely, that which corresponds to the initial concen-
tration of the heated £a8, that ig, .

a ' R e pam
e a2

kan' e Ef

the value.of ¢, can readily be measured. For this purpose
it is sufficient to observe the initial velocity of the re-
action for a temperature not far from the self- ignition -
point, extrapolate the value obtained to the ignition tem~
perature, and determine +t, by dividing the total number -
of molecules of the initial substance per unit volume hy

the measured initial velocity of the reaction . expressed by
the number of molecules of the product formed per second.

It is easzly shown that in this case Lormula (6) as-
sunes the following simple form:

EQ Qfe 1
t

r CRT,®
or ' . . o
AR, A (13)
te  CRT," , S

*We have:

¥aC 4T _ _ . o :
v g -~ %% (T - To)

Let' T, Dbe the initial temperature of the gas. Then

T -1, XSt
1n T, - TO - T Crav
or XSNt

T - = (T, -~ T,)e OBV

hence : te = XST
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t QEe . .
If tr > ——— TR, ——3 thermal self-ignition is impossidble and a
e -
t e
~stationary reaction takes place, 1f 8 < -EL—15 thermal
T B S ORToRe o

self-ignition always,occurs,'_

We shall now consider in greater detail the question
of heat tranasfer to the walls of the vessel. In setting
gz =X (T = Tg) 8§, we assumed that the heat is transferred

by convection. In this case the computation of X 1is very
difficult. There are, however, a number of tests on heat
transfer, from which it can be concluded that at gas pres-
sures less than atmospheric and for the small. dimensions

of the vessel such as are generally employed in self-
ignition tests; and finally, for small values of AT,, the
pre~explosion heating, the heat transfer process is very
nearly that of conduction. TFrank-Kamenetsky was the first
to consider this matter and introduced into the theory of
thermal self-ignition, heat transfer by conduction instead
of by convection. We shall here give an approximate deri-
vation, referring those interested in the detzails of the
solution of the problem to the article by Frank-Kamenetsky
(reference 8). Our approximation will consist in the as-
sumption that, although in the case of heat transfer by
conduction the temperature of the gas will vary at differ-
ent points inside the vessel, the velocity is the same at

each point and corresvonds to the temperature T, - the

[
mean between the maximum temperature at the center of the
vessel Tpax and the temperature T, at the walls. Since

the pre—explosion heating is not large, this assumption
-leads to approximately correct results. Let us consider,
for simplicity, a vessel of infinite extent whose plane
walls parallel to. each other at the distance 2r are at
temperature Ty. Inside the vessel the reaction occurs
with heat liberation per second per unit volume of amount u,
which is the same for all points of the space between the
. planes (as required by the above-mentioned assumption).

- We: ghall take the x-axis perpendicular to the walls of the
vessel and for x = 0, 'we shall take the plane passing
thréugh the center between the two walls. In this case

we -gan wrlte down the differential equation of the heat
con¢uct10n

[

A’%_% + 4= 0

3
o

which, fég the initial conditions Ty tp = Py oy =

N

N
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aT g '
and ax = 0 for x = 0,  enables the temperature distrlbu-

tion 4o be found inside the vessel The solution of_the .
equation. is - - . e : SRR

_lu a (y _ x2Y

T-—TO=—§--}:1‘3 <l,-'-‘-'§>

At the cgntef of the vessel thé temperature T willlﬁe
T

1 u’ .
-7 = =2 .2
nax o T g A

The flow of heat through the surface S of thé véséel vill
be . . ’ :

e :
Gy = = A(E—r 8 = urS.

or, expressing u 1in terms of Tmax - Tq

2A

1 = 7 S (Tmax - T,)
Substitvting for Tpyx the mean value T, = —=S5—— or
Tmax = Ty - Ty, we obtain

4z = %§ § (Ty - Ty) =X S (P - Tp)

Thus X = 4A/r, whence it is clear that the solution is
the same as it would be for the case of heat transfer by
convection except that for X there must be substituted
4r/r. In the case of the plane-walled vessel v/S = 2r,
Substituting. X and v/S in expression (6), we adbtain
the concdition for self-ignition in a plane- walled vessel
in the fornm .

B
5 - Qka®Bee BTo 2r” .1
cr © TRT,Z4N B
ox
B
“RT, .
Er®Qxa®e ~ % _ 2 '
= =2 = 0,7 4
Ser RT o AN e * (24)



&

NACAL Technical Memorandum Ho. 1024

If the computation is more rigorously carried out, taking
Into account the variations in the velocity of reaction

.at Variowspoints inside the vessel then, as shown by Frank-
Kanenetsky, the '¢ritical condition: of self-i gnition for
plane valled vessels will be '

Similarly, for a- cylindrical vessel
R 8cf’= 2. oo T ¢ X )
and for a spherical vessél o i

Sop = 5,32 ()

where r in the expression for 8gp 1s the radius of the
cylinder or sphere. These expressions permit the compu-
tation of the absolute values of the self-ignition temper-
atures from the thermal and kinetic data. Unfortunately,
there are very few reactions leading to self-ignition for
wvhich the kinetics of the ¢corresponding reactions are acecu~
rately known.

The temperature of self- 1gn1tion of azomethane for
various pressures was computed by Frank-Kamenetsky from the
kinetic data, the heat of the reaction and the dimensions
of the vessels used, Taking A = 107% g1 sec'_’1 em~t, Lhe
compared the valuss computed by formula (17) with the self-
ignition temperatures observed by Rice and Allen (reference
9). The same comparison was msde for the decomposition of
methylnitrate (likewise a monomolecular reaction) accord-
ing to the data of Appin and Chariton (reference 13), the
results given below beling obtained

As may be geen, the agreement between the theoretical
and the experimental values is quite good, a fact which
evidently shows the correctness of the assumption of Frank-
Komenetsky as to the heat transfer by conduction in the
pre- explosion range *

On the basis of the results of Volmer (reference 14)
on the kinetic decomposition of nitrous oxide, Frank-

*According to more recent values of thé constart k- for -
the decouposition of azomethane, the agreement of the the-
oretical with the experimental values for this reaction 1is
somewvhat less favorable.
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Kamenetsky computed that this gas is subgeot to self- .
ignitlon at very high. tenpera*uresi; e N

Zeldov*c:h and Yakovlev (relerence 15) acuually demon—
strated the self—ignltlon of N 0, the observed and com-.
puted temperatures of self- ignltlon belng found to be in
very good agreement. (See table. )

bDecomposition of Decomposition of {Decomposition “of
azomethane methylnitrate nitrous oxide W 0
(CH;), Wy = CgHg+Np { 2CH;0NO; = CHzO0H |(data of Zeldovith
: + CH 0 + 2WO0jz and Yakovlev)
(data of Rice) (Appin ahd Charis} ’ SR
, ton)
F T X ™ K ¥ X ™ X ° X ™ X
p P P
mm | com~ 0b- mm com- ob- mm | ¢om- | ob- .
puted | served | } puted I served ; puted served

] 590 | 597 | 170} 1255 | 1285
1 578 | 567 330 | 1175 | 1195

191 | 619 | 614 2
05 B
.g " 566 546 590 { 1110~ 1100

i
102 | 629 620 | &
67 | 635 | 626 16
55 638 | 630" 45 53} 529
38 | 644 | 636 g7 | 51 522
31 6U7 643 107 538 e
23.5 653 | 651 163 | 531 519
18 | 656 | €59 a : .

Ve shgll here coasider another guestion relating to -
the absolute values of the self-ignition temperature for
the cases of deccmpos1t10n of Cl_,0 sand the reaction
Hay + Clg. . : ’ : ’ ’ ’

The decomposltion of €130 is ndtla simple bimolecu-
lar reaction. It is expressed most nearly by the auto-
catalytic law - ' - ' _
| L E

= kx (a - x) e RT

.where a is the number of initial molecules and x 1is
the number of reacting molecules. The reaction speed at-~
. L . B
. oo . . . o a? T":'R“'T"
tains its maximum for  x = a/2, for which w, . = k% e
Thus the minimum self-~ignition temperature is determined
nét by the initisl speed of the process but by the maximum.
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As wve have. seen, the maximum'speed in this case varles ac-
cording to the bimolecular process. This is in agreement-

,,with the results of Hinshelwoed (reference. 7) As we have

already shown, theﬂntivation energy. - B, according to Hin-
‘shelwood, is 22, 000 calories and the constant k ig sim-"
ply the constant of the bimolecular process, where k =

J B o2 u. According to Hinshelwoad, o = 4.8 x 10~°®

kK « 107'°% Thus in formula (16) it.1is necessary ‘to substi~
tute. k. =:107'° In place of a we must take a/2 and .
n = 2, The heat of decomposition of Clzg0 is @Q = 22,000
calories; N may be. taken approximately equal to 5 X 1075

In his tests on the self-ignition of €130, Zagulln
used a cylindrical vessel of radius r ~ 1 centimeter.
According to formula (16), applied to a cylindrical ves-
sel, we obtain

r® Q kx a% o BT

8 = = 2
er RTg AN
hence for €130, we shall have
- 22000
T
2.8x10%x2,2x10*Xx1072° a2 ¢ . "0©

[}
[ab]

Ser = (18)

=B
4%2 To> 5X10 x6X10°°

Since we have already found that the temperature de-
pendence of the critical self-ignition pressure of Clj0
ig in good agreement with kinetic data, it is sufficlent
for us to showv that one of the values of the critical pres-
sure corresponding to any ignition temperature satisfies
gondition (18). In this way it will be shown that the ab-
solute values of all the test results on self-ignition
may be computed from the kinetic data. We shall take one
of the points obtained by Zagulin (reference 6) for 7. =

454° or % 22 X 10~%, the critical self- ignition pres-

sure is found to equal 250 millimeters of mercury. The
number of molecules per unit volume is therefore.

2. 7x1019x250x273 18
= —54X10
760X454

-

__11009 L X2000 .
e = e 454 = o 24.3 = 10“10-5 = 3.2Xlo"'11
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hence Scr = 1. The latter value pract%cally agrees with

the value. 2 slnce an error in T 0f"10" to 15 1is suffi-.
eient to compensate for this difference. Moreover, a small
inaccuracy in the magnltude E  or an error of two timeés in
. the constant k' or in the heat conduction coefficient N
can lead to the same deviation.

"We shall now analyze the reaction Hz + Clp,  assuming

that it follows the simple bimolecular process. According
to the results of Zagulin (reference 6), A = 2750; that is,

B = 0.ﬁ1.= 25,000 calories. Since we here deal with the in-
pact of ftwo kinds of molecules; the total number of impacts

between the Hg and Cl, molecules per second per cubilc -
centimeter vill be

%‘ .
2e. = 2(5) (614) <g_if_;f .{ 21kT ;?;2+ ma)} (19)

If my is the mass of Hz and mgz, +the mass of Clz, then
ny> > my and

' oy * 0,¥ . /2nkT
Zy5 = 2(Hz) (013) < 3 2) < gl

= (22) (01,) (D% rzﬂRT}

Substituting R = 83,15 X 10°, pn, (the molecular
welght of Hz), 2, 0y = 2.4 x 1078, 0, = 5 x 1078, and
T = 556° K, we obtain 21z = (Hz) (013) X 7 X 1o"l° The
velocity of reaction is then

' -10 Aj;ésgoo
04 7 X 10 ' (Ha) (Clg)_e'l RT

waich for T = 556 , gives:

w = ?X107 (Hz) (C1g) x4x107° = 2.8x10 *%(H;)(015)

o
According to the results of Zagulin for T. = 556 ,
thn)exp1031on pressure is 200 mm (100 mm H and 100 nm
C1,

19 :
(Ez) = (C1lp) = 2,7X10 X100X273 - 3 .8x10"® molecules in
760%x556 '

1 cubic centimeter.
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Q= 2.2 100
N=sxa0m
hence o , | »
| 5y =ee.5xio4xz;exlo‘xz;éklo+49x3{z&lbsf - 4.5

2,3x10°X3X10 ~ X6X10° "

which 1s a value of the same order of magnitude as the val-
ue 2 reouired by the ‘heat theory. In order that 2 mlight

be obtained instead of 4, 5, 1t woulgd be necessary to place
the ignition temperature not at 564 but at 540

_The reaction H, + Cl, is far from being a 91mple bi-
molecular reaction. Both by analogy with the photochemical
reaction Hy + Clz at room temperature and in connection
with the finding of a 8strong effect of oxygen traces on the
thermal reasction, it is necessary to consider this as a

. chain reaction. The kinetics of this reaction has been

but little investigated but judglng by the detailed work
of Piece (reference 8), the reaction formally follows the
bimolecular law. Using directly the data of Piece, set-
ting E = 25,000 calories, we obtain on computing 8qp a
value 5 to 100 times smaller than 2. This 4in itself would
not be at all surprising but we cannot use the data of
Piece because on extrapolating the straight line of Zagu-
lin to the temperature 250° , which ie the one used by
Piece, ve obtain the result that at this temperature the
explosion should occur at a pressure equal to 500-550 mil-
limeters, wvhereas Piece, at these temperatures, obtained
velocity curves without any explosion at 760-millimeter
pressure. Thus the reaction velocity of Hz + Clz of
Piece was several times slower than that of Zagulin, as is
entirely possible since Plece showed that there is a large
variation in the velocity on varying, for example, the oxy-
goen traces in the mixture. :

For atmospheric pressures from direct tests and the tests
of Ishikawa (reference 16), it is found that the coefficient

of heat conductivity X = 5x10™* = 4A/z, A = 1.25 r x107%,
With 1ncrea31ng temperature up to 250° A, that is, N =
3x10° %, gives the correct magnitude. Horeover, we obtain

| this value if we set AHB+013 equal to % AHa

S
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It is assumed by ?iece that the thermal reaction
Hy + C1; is a chain process proceeding according to the
following scheme: cyoa T

1) Clp + wall 61 + [C1] (absorbeda [C1] will react
on the wall with Ha or the material of the wall)

2) €1 % Hp = HCl + H

3) H + Cl; = HC1l + Ol
4) C€1 + wall [o1]

The reactlon 781001ty accoréing to tnls scheme is
. 21{:11{2 . 6000
w = 14 (Ha) (Clg), kz = kzoe I{I ’ Where kzo E‘pr&cti—
cally agrees numerically with the walue k; = kjqe T - com-
puted by formuls (19) k; does not depend on the tem-
perature. : o g : . :

Taking E = 31,000 calories 'and 2k;o/ks of the or-
der of 1 (vhich is very likely if botk magnititdes are equal
to uS/4v vhere u - corresponds to the thermal speeds with
which the ©Cl; molecules and - C1 atoms strike the wall;
respectiVely), we formally arrive at the same simple bi-

. molecular law on which we based our computation of the
absolute values of the ignition temperature and compared
wvith the test values.

Besides the above numerical computations, a large
number of gqualitative facts is found to be 1ln agreemesxt
with the thermal theory. Thus the mixing of azomethane
with nitrogen changes only slightly the critical self-
ignition pressure in correspondence with the fact that
the heat conductivity of nltrogen is approximately that
_ of agomethane. On the other hand, the additlon of helium ~

very greatly increases the critical pressure of the agzo-
methane because of the higher heat conductivity of helium,
For the case of the reactlion . Hp + Clz, 1t was shown by
- Zagulin (reference 6) .that the ninimum eritleal pres-
‘sure .on varying the components of the mixture is at about
70 percent Cl This at first glance contradicts the-
bimolecular reaction. If we ‘take into account, how-

ever, the fact that the Heat conductivity of Clz is

much less than that of Hz,‘ then 1t is understandable
that the self~ilgnitien is decreased with increase in per-
cent Cl,. On inecreasing the dimensions of the vessel,
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the critical self-ignition pressure drops as may be expected
from the theory. .

The self-ignition condition, expressed ‘in the form

%£v= E%ggg (see formula (13)) to & sufficient degree of
e

accuracy is. also applicable to the conductive procass of.
heat transfer. In order to show this it isg necessary to
compute the reaction times for plane, cylindrical, and
spherical vessels. It is here necessary to selve the cool-

ing equation of a heated gas §2.= % AT, where AT = gigl

- gyT + %_% (A 1is the haatdconductivity and ¢ is the
z . : Sl , : , .
specific heat of a unit volume of the gas). The solution
of this equation for the three cases i1s obtained in "
form of a series = each term of which contains - ePl »

where p; 1s a magnitude rapidly increasing with increase

in 1. The time tg will therefore be approximately
1/p, wvhere p, 1is the first and smallest of all the p,.

A well-known computation (reference 17) gives for the Vvesw
sel with plane walls separated at distance 2r

3 2
4cr cr (20)

For the cylindrical vessel of radius =

t, = 4er. - _ex® (21)

AT 5.7 A

and for the spherical vessel of radius. r.

oy

= e : 22)F
be = 10 n (22)
Remembering'that’.t = —2 - ang substituting te¢ and
| T TR e e 2

ty 1n cbnditiqn (13), we obtain:

*The specific heat of a unit volume of the ‘gas ¢ 'is ‘con-
. nected with the specific heat of a gram melecule. C by the
relation A~ N=0.. . . A
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'foffthevEylindrical'vessekunsdfﬁs 2.1 . {instead,offz,‘comgﬁ
puted by Frank-Kamenetsky); for the spherical vessel 8oy =

3,7 (instead of 3,32, computed by Frank—Kamenetsky)
(See formulas (16) and (17) )

Thus Wwe may say that condition (13) is actually valid
also for the case of heat transfer by conduction for any
shape vegsel,

Relation (13) is of great importance in determining
the nature of the selfw-ignition process. In addition %o
thermal self-ignitlon, there are cases of self-ignition
determined. by an . isothermal acceleration of the chemical
process (chain ignition), It is not always easy to sepa-
rate the one process from the other and expression (13)
prOV1des a good method for this purpose.

Thus if the reactlon time measured directly at the
ignition polnt or extrapolated for it

by < 2EC g

= CRT,”

e (23)

then the ignition is of & thermal nature. If, however,

> 9B ¢, (24)

CRT,

~

and esnmeclally, if it ‘is very much larger than this magnl-
tude, we may state with assurance that we are not dealing
with thermal i1gnition dut with a process of a different
nature .*

We shall illustrate the application of formula (13)
with a few examples, Let us consider whether the reaction

*In computing t, we assumed the heat transfer to be con-
ductive. If, however, it is actually convective, the true
value of te will be less than the value of tg¢ in the
formula. Thus if we coneclude that thermal explosion is im-
possible at the computed value of to . (inequality (24)),
then it 1g¢ all the more impossible if the true  tg Iis still
smaller,
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Hy -+ 013 occurring under illumination ‘of ‘a- l&ght source~‘j
of great 1ntensity leads to a thermal explosion. We shall

- mgke - the computation.for a, cylindrical vessel of radiusfjj

r =1 111uminated by a light source and” filled ‘with .an. ..
equimolecular mixture Hp + Gla. “We, know that each quan-'j
tum of 11ght absorbed {4n the portion«of the spectrum from.
blue to deep- ultrev1olet) gives rise: to .a, reactlon chain,
of from 10%® to, 10° molecules of -HC1 in length. - Under . .
condiuions where the Hz; and 013 are not especially PUT Lew
fied, no fewer than 10° molecules of HCl “appear from the
absorption -of one quantum. If n, 1s “the number of ligho
quenta absorbed’ per unit volume A 103 no '1 tr —'a/w"

'1019'1T1015 . L

nge 303 Tnb:f'

For a cylindrlcal vessel (taklng AH 24013 ,-VIO'?,.an&?
the speciflc heat of a unit volume ¢ = 54561‘
RO X

. .er® B

257 A, 5;7xzx104x10’4

~ 0.5 sec -

The activation energ&' E' fér the photochemioal reec-
tion is well known and is équal to 6000 ecalories; Q =

22,000 calories. For self—lgnitlon, it is necessary that .

R - QEe
the cdnaitiop gz ;'Eia—g be satlsfled or, substituting
. 16 4 A
numerical Values 10 '““”'ZXlO XGX103X2‘7‘ whence o =.

no 0.5 - 5%2(800)"~
5x1013~ ouanta abvorbed per second per cubic centzme+er.."

‘The photochcmlcal sel*—ignltion of Hp + C1 occurs R

approxrimately at these light intonaities. Hence in this
case the self-ignition is thermal in character.‘ ,

As another cxample, lot us té ke the case of- " dls—if
placenmcnt of’ the self—ignltion Timit- of an explosiva col=

pound under the action of ultraviolet light. Plotting

the pressurec. against tha" “temperaturoynthe. self—lgnitlon,
region of an explosive mixture is found to have a penullar
character entirecly differcnt freéem the cases. considered-
abovo. (Scec fig. 8,) -.Togother with. a lower limiting -
pressure, there is an uppor limiting pressure, abovo which
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no ignition,.occurs .at the given temperature. . A large num-:
ber of oxidation reactions and some deoomposition reac- .
tions possess this property. A reaction veloc ty;slightly-
beloi the lower. limit ‘ahd slightly above the upber 1imit
1s sufficient for relation (13) not. to be satisfied. Wo
are thus here confronted uith an ignitlon process which is
not of a “thermal” character. These’ cases ‘of ‘chaim reac— -
tions are fully described by the chain-reaction theory and
lic outside the SCope of our present article. :

L On illuminating an explosive miiture with &ltraviolet
light of very short-wave length (1400 -to 1800 4), a photom
-chemical .reaction. occurs. The light dissociates the oxy~.
gen into atome whidh gtart the chain reaction. According '
to Nalbandyan's results (soon to bse publlshed), which we
shall make use of in what follows the length of the chaing
that is, the number of molecules of water for one atom of
-oXygen, taken as egual to uplty at room: temperature, in-
creases to two tlmes at 350, and thergafter begins to in-
crease rapidly. ' In the range from 410 -to 460°, this in-
B ’ B
creasc takes place according to the law o RT, where the
energy of activation. B:= 30,000 calories. This occurs in
the case vhere the light intensity is sufficiently small,
On increasing the light intensity the length of the chain -
starting fron a. certain. temperature.~ begins to inecrease
more raoidly than. at the small intensity, and when it
reaches a certain critical value at temperature T, less
than the self-ignition temperature (for a glven pressure),
photochemical self-ignition occurs, The greater the 1ight
intensity the lower the’ temperature et which the ignition
occurs, The region of ignition is disnlaced to the left
(fig. 8, curves 1" 2, B in-succession), the displacenment
increasing with the intehsity.- There is a widely held
vieyw.that:this displacement is assoclated with thermal .
self-ignltion occurring at large light intensities. The
analysms here presented by. TalbandJan and the author shows
that nlS 1s not the .casc.

; As we know,“for thermal eelf—igniﬁioh it is necessary
that /te should not be greater than QEe/CRT,"., From
the data . of Halbandyan, it is knovn that in the nizture
28, + 0y .at an 18- millimeter pressure ‘and under 1llun1na-

tion, self-ignition Geeurs at: T .= 434° 0 (i.e., at 25° ¢
‘below ‘the value ‘in the. absence o°f. fllumination)., At a
temperature 1° lower (than 434° C) the measured reaction

velocity. correésponds to 'tr-= 66.6 .seconds. The tests were
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conducted in a cylindrical pipe of radius 1,12 centineters.
“Thé specific heat ‘of thé mixture - 2Hp #7053 ‘under these

conditions is ¢ = 3 X 107°, The heat conduction coeffi-
cient of this mixture, according to tabulated data, is
23,73 x 107% at room temperature. Taking account of the
increase in the conductivity with : temperature, we may asg- -

sume NangO = 47.5 X 107%, According to formula (21),
we then find for the time .té;»mﬁ
2 . .
te _ _er® _ 3x107 61,23 - 1.4x107% sec

5.7N  5,7x47.5X10 °

B0 e C N i

Thus | = = 4.7x10% ;  the heat Q'—<§ X 60,000 = 405000
e .

whence, taxing the activation energy for the photochemical

reaction, E = 30, OOO and the molecular speciflc heat

.C = 5, _ ,

QBe  _ 4;7x104x3x104x2.7

CRT,® 5Xx2x5x10°

= 7.,5%X10°%

z ot _ . "

Thus-'—gﬁgg < < 42, that ig, the photochemical ignition
- . CRT te

o}

of the mixture 2Hp + Op as well as the thermal self-

ignition cannot arise from any thermal cause and must have
an entirely dlfferent origln.

Up to the present, we limited our analysis to the
critical condition for self-ignition and said nothing as
to how tne temperature and quantlty of reacting substances
vary with the time. We now, following Todes (reference 4),
briefly consider this question = first making the simpli-
fying assumption that the reaction Velocity does not
change with timé dbut remains the same as at the start.

This assumption is not of course strictly true since the
number of initial molecules decreases with time, but as we
shall show below, the assumption does not lead to any large
error in the computation, The eguation determining the
time rate of change of the temperature of tae gas will now
L ~E ST e
Gav 4T _ ks P av s mm o (e
N at, ¥ - %5 ( o) | (2 )
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, &t .pressures- below the critieal this equatlon leads 'to the
gradual estahlishment of the steady temperature Tl b= To +
AT . o : . , ; ; . S

In the case where the nressure is considerably ahove
the critical, the second term on the right side of the:'
equatlon may be neglected and the equation - - S

. e E.' :
ar _xal" g
at : c

can_be integrated;

The integration of the a2bove equation gives a charace-
teristic curve of‘temperature variation with time. Figure
9 shows the solution for a monomolecular reaction with

constant k = 10%%, BT = 40 E%— = 25. - As may be seen,-

for a relatlvely large time interval (2 to 3 sec), the tem-
perature_rises_very slowly until it reaches the value

BI,% /RT P
m, + =2 (=2
. - B 5
that instant, the further rise in temperature up to the
value corresponding to the explosion temperature (2 few
thousand degrees), is practlcally instantaneous or, more
accurately, extends over a negligible fraction of the time
interval t. After the entire original product has been
consumed the gas begins to cool. The curve in figure 9
is discontinuous since it is naturally impossidble to lay
off on the same ordinate temperatures of the order of a
few degrees and a few thousand degrees. The time t1 :from
the start of the reaction to the pre- exP1051on heating is
called the period of induction. It practically coincides’
with the time from the start of the reaction to the explo-
sion; the latter.ls easily measured experimentally.‘ For
ti, Todes found the approximate expr3551on”” '

- the pre-explos1on heat1n5> . Beyond

. RTOCT 2 QRTO?

EQkane-RT

‘ RT _ ' L
Since ~EQ is a small quantity, not exceeding 0,05 for
those cases of interest to us, —2 is also a small guan-

D : 5x500 .. B
tity of the order qf, 56656 * 0.1 or 1ess, Q. is of

the order of 0.0l to 0.00L. Hence tj = 0.01 - 0.001 %
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is the order of magnitude of the - induction period. Recell—

,,ing nov - the relation t < —Q§—~ t ' we haVe ti < :ets
e d cRToz e B . :

In the neighborhood of the eritical. preeeure ,ti” inecreases

several times but remains the same order of magnitude.

‘The above considerations lead to 2 very important ‘re<
‘sult, -Since from the: start of the reaction o the end oz
‘the induction period is 0,01 to0 0.,001-0of the" reaction time,
at“the instant of ‘an abrupt rige in temperature. or at the:
instant of explosion the time is not sufficient for more
than“l percent of the substance to undergo : change. This:
c¢irculnstence fully justifies the assumption that the resc-
tion velocity is practically coanstant up to the very in-:
stant of explosion. It furthermore justifies not only our
computations of the induction period dut also our previous
computations of self-ignition point since we everywhere as-
sumed that the number of reacting molecules at the instant
corresponding to the point of. tangency of the heat conduc-
tion straight line with the curve of heat:liberation re-
mains the . same as in the initial gas. "For. this reason,
any more” complicated consideration as to the explosion
conditions becomes unnecessary’fcr those cases of interest
to us, . .

Tre etase is very different where the réactions are
associated with smgll values for B or Q, where we no
longer have the typical explosive process. If the acti-
vation ehergy is very small and the reaction oczurs for
each impact of the particles, i% is not possible in gen-
eral %o prepare such a gas for if we have' a reaction bee
treen two gases we cannot mix them, They. will burn at the
eeparation boundary on mixing., This is the. case, for ez—
ample, in mixing sodium vapor with chlorine. If the ace.
tivation energy: is small but the reaction veloeclty 1s not
‘too; great, the heating AT will be very large and there 3
will be no ouantitative difference between. reactions oc-n
curring belov or ‘above the ezplosion 11m1t. a

At smalT values of B the absence of a2 sharp bourd-
ary betwveen the. steady. and explosive states is assoclated.
with a large increment .-AT  and means that even .at a large
‘vvelocity.the,reaction 1§Jstill in the steady state. In
the case of emal’ Valuee of Qs . on ‘the other: hand,ﬂthe N
.absence of the sharp boundary is due to the fact that high
_ temperatures correspond to the explosion conditions, 30"

that the reaction Velocity is high up. to the abtainment of
thege. temperatures. . o ,
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o Ve should therefore:- consider as: typical explosive.
gases, those which possess, simultaneously a high value of
Q: (20,000 or more cal/mol) "and a high thermal  stability:-
against decomposition ~ that 'is, a high energy of activa-
~tion "I. (20,000 cal .or 'more), A4ll the .results obtained .
by us are apvlicable in practice to these- typical- explosive
gases, It is necessary to note, moreover, that a small
value. of E. makes the explosion nontypical only in the
case where’ the velocity of the monomolecular or bimolecular
,reaction-1ls associated with an abnormally. small constant k.
When this is not. the .case (when, for example, for.a bimo=-
lecular reaction k = #/2mg31) the small value of the acti-
vation energy does not prevent any sharpness in the explo-
sive conditions and does not mask the explosion phenomenon.
The difference 1s only that the exploslion occurs:at very.
low temperatures. 'The value- E/RT remainsg large in spite
of the relatively 1ow Value of B, SRR :

To the above cases belongs.'apparently, the explosion
of HBr with ozone,.which reaction is quite shargly defined
but ececurs-.at a temperature of the order of 100° O, or the
explosion of - Hy ~with fluorine,  For the case of a small
value: of Q- with aormal E, the distinction between the
explosive and the stationary reactions becomes less sharp.
"In the work of Todes and Melentyev (reference 4) an accu-
rate analysis (by numerical integration) is made of the
character of the phenomenon for monomolecular reaetions
(with- the constant . k = 1013) :

We present two curvee showing how the reacting SUDe

_ , b
stance changes with time 4 =T ‘wvhere b is the number

of reacting molecules and 'a  the initiai) 1) case of
large” Q (typical explosion, fig. 10), and 2) case of
small Q (fig., 11). These curves well illustrate the
above qualitative considerations. - Figure 12 shows the var-
iation of the temperature with the time corresponding to
the ‘same conditions as for figure 10 (typical explosion).

We see that for a typical explosion a change in pressure

of 0.2 percent near the self-ignition limit qualitatively
dhanges the picture of the process.* Hothing similar is

*Here W= xs/Oav;‘~that is‘einvereely proportional %o the
pPressure 'p. We see that for large @ on changing W from
6,84%10% 6, 83x104 "i.e.,%en changing the pressure by
0.14 percent, there is a2 sharp change in the picture of the
"combustion process. "For . equal to 6, 83x10‘ the reac-
tion is slow, while for a value 6., 84x104 "after a’'‘certaln
induction period the rate is several times multiplied (e“-
~plosion)
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observed 4n:the- case of. suall. Q (fig. ll figureo at

Tttt Ul e Gyal foo e G

~¥With the: above we. conclude the tmeory Df the;Malﬁmelf—‘~-
ignition for simple reactions and pass on to the. consider
ation of problems connected with thermal e“plosion for auto-
catalytic procasses. T S

sy 8 ! ” . 3 . £ ‘ g ”the crlt»
ical. the inducuioﬁ period is generally very small and_ig ;,
measured ih t1lmes of- the ‘drder of 1 second. “In many cases,
however, the welfiignition oceldrs with & consideradbly: ™ =’
larger-lag period.  Thus, for example, therself-ignition
of a mixture: ofimethane with oxygen .at. s  temperature of -
730° C and .Pressure of 40 millimeters ocdurs with a lag of
4 minutes. "The ‘same order ‘of ragnitude of indiction peri~’
0d-1s observed for other hydrocarbons and thé oxidation of"
carbon” sulphide, hydrogen sulphide,” and the decomposiﬁion -
of C1,0, - Particularly lerge- igrition: delays are” observed’
with liquid and solid ékplosive materials often’ meabured

in 10's of minutes and even hours. According to the re-
sults of Roginsky and his’ ¢oworkers (reference"ls) on" the
explosion: of trinitrotoluene’ and nitroglycerine in closed
flasks. the 1gnition lags sometimes reach 5 to 10 hours.

A study of the k1neﬁics of these reactions* showq
that they are all’ autocatalytic, that is, the reaction ve~
loci ¥ as a function of the quantity of reacting” substance
“'in the first- stages of” the chiemical change. is deséridbed

'by the equation '%; X + ng where ng " is the number of-

molecules, of the final or intermediaste product produced
per’ second per unit v°1ume._ These may be produced as a rox
sult” of bimolecular or” monoﬂolecular reactions or as a. re-f
sult of'a heterogeneous process.' Ia the ne jority of" cases
“ie” Very small and nay: be neglected for large Values of
w. If, novever, ‘we' uish to™ express xd’or'-w' as a fung=
tion" of the t¥me, ‘then 1t 1§ heéessary to know iy ' slnce”

the integration of the eauat:on gives

n o4 ax '¢* : )
x > (e | 7.1) gn? Mdtj'r%?e. . 26)

The: constant Q -itself decreases as the reaction
nrogresses. due to the?decrease 1n the quantity of 1nitia1

*Phe theory of these" phenomena waS'deVelope S5t the’ Ipsti~
,ute of Chenical Physica. _Fprwbiblipgrayhy, see reference

Ly
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gaubstances,  ‘In a particular case-tw%stmbm(amrix)s “Here.
the reaction velocity as a function: of:"x isisShown in-: -
figure 13, and as a function of the time by the curves of
figure 14, uhere' 1 2 3 4 correspond to the pressures

‘,,p > P > P‘ > P P [P S S

o

If, for the occurrence of thermal explosion, it 137“
necessary that the reaction velocity should reach a certain
critical value ‘Wcr- then at pressure p1 the explosion
occurs after time '71. for pressure Pa after time Ta,,,
for pressure "py - - the: explosion will: in general not occur.
The ‘minimuir- pressuré at which explosion ie " possible. will
be pé,' and’ this pressure. corresponds ‘to-the maximum: pos~

sible lag Ty. ‘Thus in these cases the ind A*ion period ‘

is. connected, not with the. heating of the mixture, but. witk
the time. necessary for the- isothermal. reaction: to proceed »
up- to a point where an exPIOsion is possible.. ‘For this
reason the induction period can. be greatly prolonged.;

We shall now enpress mathematically the self-ignition
conditions for:a given case, limiting ourselves to the
first-stages of the reaction (10 to 20 percent), for which .
we may assume ¢ as a constant depending on the quanti-
ties of -initial substances and on;the: temperature. Gener-
ally the. constant g 1is proportional $o0.the first or -
second. power of. tae pressure. of the mixture.or, what amounte
to the same thing. to the number: of molecules of the initial
substances per unit volume, and. increase;}exoonentially with

the temperature according to the law . "RT.. We limit oan;

selves further to. those cases .for _which the time constant
"(of the order 0.01 to O, 5 sec) 18 small in comparison .

. with the time. of autocatalytic acce1eration of taoe- react'on,

and . may be. neglected. Under these assumptions the entire

theory develc%?d above remains valid except that in place

of. W-= kane RT, we must have'in'the formula R

: B :
v = falxe BT 4+ no = @x + no

A Thus, for example. on the assumption of conductive
heat transfer for a eylindriecal vessel, the oritical con-

dition (formula (16)) for self-ignition will be ..

Era (q;x +n ) . Ce e
Bcr = QRTO% (o] 2 (37)
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k)
R
.

- R
TFroi’ the above- equatlon, Lnowir '26 'wnd TP o= fanam o

wve may conpute x, that is, %the extéent’ of the ehenical

H

””Ichange ‘before explosion gccurs.. 4. Jegnitude generally of

greater interest is the lag’ interval,-wnic is easily mea g~

ured . experimenually.- As we: have geen; 'x —F¢ (eqm,_ 1)
Subftiuuting*this exprossion inlforimls (27) ‘we obtalni

~whete JT. 15 tbe lag before explosion cccurs} vhenae

zRAN o
BraQ waconsy o (28)

.4-:4(1)1'-!- 1g—9-2-

since we negiect the weak deperdence Qf ‘A’ _on the pregsure
and tempersture. S ‘
' CPBAN 10 °xio®® . 10 o
316 magnitude;; o & = ®.10 whanes the
... BrTQ 1 10%x101 E ' '

constant Y 10 In the case of smal11 a

o» Tor example,

. n .
less thgn: 109, lg“EQg ® 2. ¥or smaller =n,,
R o . ; ;

n
rle 10‘, lg EQE ® w 2, VWe gee that for a variation-in. -

for exariw

n, by 10* times 0,434 o varies only by 20 pércent -
about. the value 10, Thus in this case ve nay,assume

.“that on changlng the pressure and tempe"ature wlthin &

sufficlently largs *nterval

,: le* fTane RT'— const 3? o (29)

, Heﬁée o* 2 constant nressure thb rvlatlon betueen'
the “lag period and: the absolute temperature should satls-
£y the relation o T : o , oo

Y

.0 .
[
Lot

‘ilg Tx%f%-%'B R ¢

o where BRI AT Fr ] 2 .. “‘-., Dt w N " B
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.~ At. constant temperature and with change 1n pressure.
ve must, have the relation ;)f . e

g r, =C.c.n 1g P O gEn

In the édse of autocatalytic decomposition'of explo-,
sive materials, only the temperature may change and only .
relation (30) must hold. The constant here will naturally
be essentially different for gases under other conditions
of reaction, + . ° . . - .

Formula (30) was first established by Roginsky (ref-
erence 18) and his coworkers for trinitrotoluens and nitro-
glycerine in closed flasks. (The use of cloged flasks is
apbarently necessary to. prevent splashing of. the autocata-
lytic products.) Figure 15 gives.the results of Roginsky
for trinitrotoluene. The energy of activation for this
.substance wag. found. to dbe 27, 000 calories, and for nitro-
‘glycérine, 25,700 calories. Lo N

After we had developed -the theory of the induction
period Garner and his cowsrkers- (reference i9) carried
out a number of investigations on the decomposition of
crystals of so0lid explésives in evacuated retorts, gtudy=
ing both the kinetic Process. and the relation betwsen the
explosion lag interval and the temperature. It was found

that ‘the law w = n°e¢ﬁ*= 100-4340Y yrn1168 with good ep=-

proximation to the. first stages (20 to 30 percent) of the
"decomposition for a number of explosive substances (lead
styphrate, barium agide, mercury fulminate) "It was found,
on changing the temperature by 50 €, that- the value ‘of

was practically constant, The value of ?E varies with -

the temperature according to the law e _T The activa-~
tion energy £ 4is equal to 40,000-60,000 calories for

lead styphnate and 30, OOO calorlea for mercury fulminate.’

The relation betwean lg T and. 1/T was found An--
agreement with the theory, to be linear - the energy of
activation B, computed from the constant A4 for lead
styphnate, being equal to 39,000 and-for mercury fulminate
30,000 calories - that is, practically the same as for the
magnitude ¢ a8 should also follow from the theory.

For combustible gases this. type:-of investigation of
the induction periocd was unfortunately carried out only
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for the case of oxidation o£~mé£ﬁaﬁefét-high temperatures.
The oxidation of methane is an auntocatalytic reaction sat-

~1efying thelawwhw_:_n?eﬁijupto_30-40 percent of the
an

proceéss.  Formulas (30 d"(31) were. checksd by Neiman. -

‘and Yegorov (reference 20), who showed that the relatiom

Tghgm p° = const-Awgs;gpplipablélyiph a }afgg degree of at-

6urécy{ On figure 16 is shown the plot of "1g p ageinst
1/T experiamentally obtained for various pressures of a

‘mixture of methane with oxygen. The activatlion energy I

is equal to 90,000 and the exponent: n has nearly the - _
value 2. Xinetic tests conducted: by Boné (reference 21}
and Hinshelwood (reference 22) (at much. lower temperatures,
however) give for the constant .@ - values near E.

It 4s here necessary to note the relation between
lg p and 1/T for constant lag interval and the same re-
lation applied to the minimum explosion pressure for each
given temperature, In the first case (constant T 1in the
initlal stages of the reaction)

lg p = 0,228 4, 0 = & + dg B (32)
N T , .

For methane Q*fiﬁ = A = 10,000, In the soecond case tihse
coefficient of 1/T is somewhat dAifferent.

In the initial stages o increaseé‘with the numnber
of molecules in the vessel (ard hence also with the pres-

sure) according to the law w = 9x = fale BT, When the
quant ity -of rcacting substance is large,. ox =
o B _ :

flaw-x)® xeRT op Foa (a-= x) = 0”£%7~(the latter 4in
a casge wvhere the total pressure of the mixture is impor-

tant as,. for example, for chains. breaking at tho wells).
Corresponding to these the hmaximum velocity of the reac- -

- -v‘._.E_.. K
"n = f gy el  or wp= £z ade "

L L

In any case the maximum velocity will be® proportional
to the cube of o and hence to the cube of p. Hence by
the thernal explosion formula
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H

.
_2.= :
T, 3T .

or, anproximately. lg pm =:913§§ +§Gi;<@r;;ip¢ihe,é§£ér#i
case, for any ‘valus of a: PE L e el

_ - 0.22 B | . Ay g R
: = int A
e =t =g e (%)
;Ehus-the tempéféture coefficient of the miniﬁﬁh'explé-

sion pressure will be less than the temperature coeffi-
clent of the explosion pressure at constant.lag interval-

. {corresponding to tests with small pre-csxzplosion:heating)
in the ratic =———= . In particular, for methane, fo¥

n = 2  this ratio will be 2/3. If the walue of -4 in
formula (32) is equal to. 10,000, then’ for the coefficient

A, there is obtalned the ‘value A3 ='— A 6600

Zagulin (reference 6) experlmentally determined the
dependence of the minimum explosion pressure on the tem-
perature and obtained straight lines similar to those of
figures 6 and 5., TFron these curves he found A4; = 7000,
that is, a value very near the computed value 6600.

The relation _0.434 BT = const was derived on the as-
. n, - . !
sumption that lg Egg was at least half P = 1n gi?g In
o .
the case that this magnitude is near the value of P and
ng itself changgs with the temperature, the relation
®T = const ceases. t0 be valid and it is necessary to make
use of the relation“AWT-+~1n¥§Qz:'= const or approximately
0 ) .
. 0,454 @T + lg n, = const = 16 . (34)

(sinbé no is proportional to  &°‘ to e power higher than
the second;.' This formula must be used when dg. n, -is of
the sane order of magnitude as the constant, that is, lg n,

is near 16 when 0.434 T is considerably less than 1g n,.
The relation may be rewritten in the form n,e®PT = const.

For small values of o7, corresponding to large 1n4,
we obtain & second limiting expression:
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noe®T = mp (1.+ ¢T) = const
_or ’

B cpT 3 = c —,\,ni, ,,: —,h 1 TR e e e Sk e s e

Do
théﬁ’is.,with 1ncrééiiig‘£ebbér££ﬁfé’“@%ffﬁr6p%$f"

in the limit,when no' 1s Very large. mT‘ may in_veﬁ;
eral be- neglected and +he ewplosion will ocecur without.any
lag or, MoTre. accurauely, with a lag determined by, . te'c

, The velo»ity W for % =0 'is equal to Boe Iff.noz
is so lnrge that. a - the rmal explosion is possibdle,. . ’
there is no necessity for a self-accelerated reaction as a
result of autocatalysis. This apparently is the fundamen-
tal reason for the considerable lowering in the self=-
ignition temperature on adding to0 the combustible mixture
. very snall quantities of certain active compounds of the
type MO, These additions, by reacting on ‘the combusti- -
bles, considerably raise the rate of formation of the final
or active products. On increasing . ng, %the value of T
drops, but since for a given temperature ¢ is constant,
there is a considerable dscrease in the induction period..
On the other hand, keeping T constant we can, by the ad-
dition of an active compound, considerably decrease o,
that is, lower the explosion temperature.

I1. IGNITION BY INEANS OF HEATED BODIES

Before procesding to the computation of the ignition

- temperature of combustidble gzses ignited by heated wires

or small spheres, that is, bodies of dimensions such as are
enployed for this purpose, let us consider, following Zel-
dovich (report to be published) the ignition conditions

for a gas contalned between two parallel walls, one of
which ig maintained at a high tempersture T,, and the
second at a low temperature T,. In order to exclude con-
vection, the plates are agssumed to lie parallel to the
ground, the plate at the higher temperature being at the
top. The problem is that of finding the minimum temperature
T; of the hot plate at which (with the other plate at room
temperature T,) the gas is ignited,

- The reaction velocity as before will be agsumed as -
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. RT ) . : ] : .
equal to w = ka®e:.  and the gquantity of heat generated
a _

. ‘ o RT
per second per unit volume_ugéﬁfgﬁ——-p_~

On account of its exponential dependence on the tem-
perature the reaction will take place mainly" riegr the hot
wall so that the linear drop of the temperature with dis=-
‘tance from the upper plate will not hold true. This dsoe
cresse - in the temperature gradlent near the hot wall will
be greater the higher the temperat ure 'Ti' ‘§ince the' reac~
tion will then be more energetic and more heat will be lib-
erated. The correspondlng temperature distributions for
various values of T, are schematically ‘shown in figure
17. I% was shown rigorously by Zeldovich (and qualitative-
1y demonstrated by van!'t Eoff) that ignition occurs at that
temperature Tl ,at which the temperature gradient ’ .
(aT/8x)x=o - near-the hot surface becomes equal to zero or,

otherwise expressed. at which the plate does not lose heat
and ell the heat flowing to. the cold plate Nill be gener-
ated by the reaction taking place in a relatlvely narrow
zone £’ near the hot plate.

. - We shall compute the. quantity of heat e'enera,i;ed. at
T,, near the ignition tempeérature, that is, when (dT/dx)
= 0. As we shall see below, the distance ¢ is about 10
perceht of the distance d Dbetwoen the plates, and thus
the gradient dT/dx for =x > { will not only be lilnear

as before, but its magnitude also will differ from (T,-To)d

by not nore than 10 percent; that is, the same gradient that
would be obtained for an inert, nonreacting gas between the
plates.. We may therefore assume that the flow of heat

through 1 square’ ‘centimeter at x> 3 “will always be  approx-

inately egual to g = A gl—a—gﬂ ihere A is the conductlv-
ity for a hot gas. N o ' ' ' ‘ '
The equation for determining the temperature distridu-
tion with account taken of t e heat generated by the reac-
tion is : S
.. aBT ' .. ) ‘ ’ . .- T
X =—z5 + F (7)) = 0. : (1)
ax : T : e
_E
where F(T) = % kale + Near the hot wall the difference

-
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T;gf;T 1s small- 4n comparisqn with *ig;iggﬁgﬁéamay get

- . __B RT T
e;gr,=~eﬂﬁmlxp‘_‘-,.g~ whence e 5.:~p:aﬁ7snfvfﬁv'
| — i i k
s RT |
T AEIC § ng5=-‘F(T1) ,9- 1 i l (2)

S . . KO AL L IR f s a‘T‘ ‘T .v R
Integrating ‘tnis equation "for "the " condiuzon.(d;z; =" G
(ignitlon condition) and Tx=° = T1,~_we obtamn.r '

1;\:’,-,‘-: 5

RCREST

, 27(?T, )RT, ? BT, Cfmy
ar | (T,)RT, 1 - o L(B)

ax . .. N

The magnitude !E%%%, as ‘we have already seen, generally

doge not exceed a few tens of degrees and hence is always
less than T, - T,.

R 2 L e IS
In changing T, - T from -0- %o ‘”I?" the varlable

) '.__(T;-,TS'E

guantlity under the root sign - e BT, varlies from
Co . ‘ "2RT,°
0 torO.63 Wlth further 1ncrease of Tl - T TR ’.

this. magnitude ‘Increasgses almost to- O,Q,wand ’urther On: re-l
mains practically oaual to unity.

s D R * A Potueir o A

We see that the’ greatest part of the increase of +he

LRT, .
gradient il already ends at T1j- T —Eﬁ— that 13-_;“

that -the main pert of the reaction ig concenurated in -this .
ZO0NG, Furtne“ on- thc gradient maintains practically a8 GOl

stant Value v iy Lo
£ L\:;T-v = T (4)

;uii ccordanoe with tho ubovo,'wo may oquutc th;s g*a-;
dient to (2, - To)/d, whoneo
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' B
xm(m N weRT

' ZQka

Ty o T -]
A»(Tl-ma) _
_—1 0 . =
2F(7,)RT,

()

which gives the ignition conditiéﬁwconnecting“thgjdfétahgb'
botween the plates and the gas pressurc p with the igni-
tion temporature T1.;MJ

‘Pho widta of tho Zono £ within: wﬁich'tho groator

part of the reaction takes place is dotcrminod dy integrat-
ing oquation (2) whore as o first approximation

[T ~ 0.5

RT, ®
gu:% B ’7(6)ﬁ
The ratio . :
¢ _2RT, *A2F(T,)RT 2 RT, T,
= - =gt (7)

En(I )KE(Tz-To)z B T,-T,

ls o ma gnitude of the order O 1, that is, the zone within
which the reaction occurs is considerably less than the
distance between the. plabes."~*1g ‘. R

We now pass on Lo the consideration of those ca es of
interest to us- = that is,. ignition of the gas by small
heated bodles; namely,‘small spheres and wires, Let the
sphere of radius .p heated to temperan bure T, Ye placed
at the-center of a sphere.of ¥ery large radius R (R >> p),
which is  filled with -the reacting gas. By assuming thng
the zone within which the renction occurs extends to.a ..
distance from the surface.of the. sphore very nuch less
than the radius of the sphgré thHe problem, to an accuracy
sufficient for our purposes, 1ls reduced to the parallesl
plqte case just considored The ignltion condition os Lee
fore will bo - dT/dr) 0N The r~1ction-~one'vi11 0x~
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tond from the sphere surface to distance '§ which, as be-
fore, is exprogsed by :the feormula

/2 mp;®
EFZT;S-_

The flow.of heoat through unit bounding surface of the
reaction zone is approximately given by formula (4) since
beyond the boundaries of ' £ .the heat from the zeaction

may bte negledted. The 1ntegrated heat’ flow through the
closed surface of radius =p + € will beﬁ

: 4n (pf'ﬁ .i % 4ﬂ (p+ 9 ‘// 2F(T ) RTl. ¢vuh.(55

This is equal to the flow through any other surfacé'df'the
sphere of radius r, -

Tor r > (p + £) where the reaction may be neglected
the temperature distribution will not be different from the
temperature distribution in the noareacting gas except that
instead of the spherec of radius p we mnust take a sphere ..
of radius p + f since the temperature drop in the small
roaction zone 1teslf 1id neglivible. i

The temporature'distribution about ‘the sﬁhere of radi;
us p + § heated to T = T; with the temperature at in-
finity T, will Do ' -

(T, - 1) (p +78)

T B To = T

and the flow

- {2, = T,) (p + £8)..

The integrd£edx£lowftﬁrbhgh the.Qphcfe.bfuradiusl'r.»iés‘
amar® s am (- 0Q) (e AN (9)

Equating (8) ana (9), we~obtain.,‘ g?; .

z ' ~
4n(p+g) J/ EESE—EEL—ﬁ = Tdm -7, )(p+g)A

or
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R . xE(Tl - Tc) o ‘lf:;
(p + g) HM// (T )RT,E_ . (10)

g BRT 2 '.1" . “
( : §) = E(T T ) 1s less than‘unity. Let
\p . 1.7 to

usﬁqéke, for example, Tl = 600° G TO = 300 C %nﬁ,:
30, OOGV _then, f;-%fz) 1 Thus we have shawn that our

assunptions of the smallness of g’ by comparison with [+]
are satisfied within the’ 1imits of our required accuracy.

The ratio

Neglecting t vy comparison with :p,“zwa obtain the
ignition condition in the simple form

N AE(T,-T,)° o ,
R ,/.23':_(?1)&@-1? LR TR

This relation comnocts the ignition gas; temporature T,

of the spherc with its rndius;]p;‘ The smaller the radius
the higher tho tempernturce to which the ‘sphere must be

heated to bring about ignition of . the €as. ,

Remcmber!ng‘that” a® is proportional to;:(p/T)n. we

obtain tho rolation botwoen the critiecal pressurce and tho
tomperature at constant op.
p 0,217 A
te T, _T, ¥ T, +-c R '(%?>

that is, tho oxpﬁp sion is practicxlly ‘of: tho, samc typo as
for the solf-ignitlon in a closed vessol (cquations (9)

and (10) of scetion I). There arc, unfortunately, no sys-
tonatic oxperimontal «@atn for checking' thede relations, n

. : The rolntion betwcon P and . T . may be givon In the
followiag forms

PT, 0. 217 T
lg gty = <..)+3  (i3)

The relntion Eetwaen"Ti' and p for the ignltion of neth-
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ane, illuminating gas and hydrogen in air were studied by
Silver* with the aid of heated metal sphetes: of 1.to 5
millimeters diameter., Plotting 1lg p/(T1 - T) against

"1/T, "he obtained good streight lines. The value of B

computed for methane.was 40,000, and for hydrogean 45,C00,
The latter value vae considerably below-that ‘which’ would
have been obtained- ' from kinetic data. - The- possibility is
not excluded that Silver'!s results are impaired by -the
catalysls on the metal-sphere ‘surface. The presence of:
catalytic action, acocording to both theoretical and ex-
perimental results, slould have a strong effect on the iz~
nition temperature. “As a matter of fact, wires of differ-
ent materials ignite the same gas at different tempera~
tures, In particular, for a very strong catalytic action,
ignition, as is known, does not, in general, occur and
flameless combustion takes place. ,Zhig is due .to the fact
that the reaction. taking place -at the heated catalyzing
surche envelops the .last layer of the reaction products,
thus acreening the heated layers from -the burning gas and
the molecules of. the combustible burn by diffusion without
any flame. It is very unfortunate that a prodlem as im-
portant as that of ignition has not- yet been subjected to
systematic experimental investigation. Such an investi-
gation would permit not only confirmation of the theory
but would provide very useful datea on the character of the
chepical_reactioeﬁby determining E .and n  in thevfor-

mula v = ka e BT within a very large temperature inter-
val (since by varying the gas pressure and the wire diame-
ter from 5 millimeters to 54 we can vary the ignition
*emperature of.the .gas by a few hundred degrees).. .

It.1s not difficult to analyze the prodlem of igni~’
tion by. heated wires: (of radius< p)- coaxially placed ineide
a larPe cold cylinder (of radiue B > p) I .

: neasoning 1n the same way as for the case of the f,.
sphere. iwe‘obtain the following-" relation” between P+ ¢

Tl. /
R ;~J/mxmg-;mgy~« T
tp+ 8 /¢ z‘r(m:.i)‘--~m;r~ R

(¢ +7p) 1n

Silver (cited by Jost reference 2) gave an incorrect

theory.‘from which his computed activation: energies camse -
out half as large.
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§ = 3 RT, % - . i T T 2RT, 2.« .o 1 AR
2 ‘ﬁ‘j' . 5, . .Ri o TR T ..T :
( YV (§+p) in Tor® - ( th ' )
which for. —— 10 ives ln ~w2,' or " ..
(P + ﬁ) g (p + g) o
———£7—4 : l :whence, anproximately
(£ +p) w3 | D |
B LB /E?\(T - T ) T (1e)
. kN e = T P o
PR Y wey e o e

Thus far -we hava considered ‘the cases of purcly con- .
ductive heat transfer. ”We -shall discuss the question of
convection because there is a widely held view that hob-
wire computations based on ‘the egquation of hent conduction
from wires is not correct. By the convection assumption,
the wire 1s surrounded by a cylindrical laminar gas layver
within which the heat flows by conduction and at the -bound-
ary of this layer is at the temperature T&’ of the sur-,
rounding medium. a T

According to the experimental results the convect1v
heat - flow of cylinders (referafd to unit area of the cyl-
inder) is ¢ = (Tl - Tg) 4 (Ty - Tp), where A in-

creases W1th increasing radius p of tke wvire. The value
of "the" coeﬁficient A according to the txeory depenas on .

the nondimensional parameter 3 =‘E~§z§ %? where 4 = 29,
8 1is'the gas density, g the acceleration of gravity,

B the gas viscoeity, -AT the temperature drop (T - T )
(P 1s a certain mean value of the temperature betwcen ° _
T, and To.) It is found that on changing B from 10°S

‘to 103, - the VQlue 01 ;A‘ *ncre?ses from 0.45. to 2 6 ﬁhat
is, five timesg,
We shall compute .the 'value of 3 for a gas at atmos-
pheric pressure, assuming 4 <.1 mm, 8§ = 10"3, p = 10~%,
T _ .
g = 10%, %T ~1l. Wo obtain 3B <:1oe- that is, for var-

ious diameters from 1 millimeter to d =1, 4L ochanges
from 1.7 to 0.5 (for . = 0.1, & = 6. 7) e
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. We can now.compute the radius R'. of the laminar
layer within which the heat 1s transferred by conduection.’
-Equatlng the total.flow from a unit length of the wire
M (T, - T,) to the flow obtalned from ths solution of’

the problem of the heat conduction between two coaxial
cylinders, we obtain 4

M (T, - T,) = 3"?“*@71 = Zo) (15)
R
;- ln’f-""
P
- CR' 3
whence 1ln = =1 A =1.7, ln::;“= 1T; &.1l.2 or |
R' = 3.2 p, which gives for p = 1 mm, R' = 3.2; and
T i
for p = 0,1 mm and A = 0.7, 1ln Er = 6%? ~ 3 and

R' = 95 o = 2.5 @,

" From formula (14) we see that for tho rsdius R of
the outside cylinder, the presence of convection shows up
. H
only in thst in place of 1n % we have 1ln %;. For

R=3cm and p =1 mm 1n % =3 and 1n Eé ~ 1.2, For

p = 0.1, ma 1ln % # 6 and Iln %& = 3; that is, for the’

accuracy whiech we require (of the order of 100 percent in

deternining the abseiute values and of 10° in determining

the ignition tempermture), it is permissidle to use the

solution based on conduction for wires of rasdius of l 211li~
,mcter end less.. : -

4 We conclude by 4nvestigating the gquestion of the com-
position of the combustible mixture near the wirss at the.
lgnition 1limit. Since the temperatures of very thin wires
are high, the question arises ase to whether the wire is
rractically surrounded by reaction products as in the case
of a strongly catelyzing surface. Zoldovieh, in nis paper .
(unpublished) provides an ansvwer to thig queetlon.v It 1s
found that tho percent of reaction produets in tho gas
near the igniting surface is always small since ther» is

“an intense diffusion of these products from.the reaction,
~zone £ toward the cool gas. We give the corrceponding
computation below, - ' ‘ .

The distribﬁt;on b of the number of moleculos of'
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reaction products per ‘unit volunme’ ‘and the temperature

distribution between the plates are obtained from the equa«

tions o S
" L T
A —x+w = =0
T dx X
3 ‘.'
D.-g-é-%-l-'-w = 0.
©dx:
Substituting for the variabdle T the variable
T - T,)N : - - :
8 = ¢! S~—~75—9;— ~and recalling that D = g%,- we rewrito
, o -7 C , .
the first equation in the form D %—% +w = 0. Tt then
. : b4
follows that both variables, 6 and b, satlsfy the same

equation. At some distance from the hot plate T =.Tg and

'b‘=

0; thus, for large =x (for example, near the cold

plate). 8 = 0 and b = 0. At the surface of the hot plate

ab
dx
gen
of
hot
thi
Thu
fie
0

tic:

at

nol
cor
u1o

The
rer
ig

the
ten

0 always because the noncatalyzing-surface-neither'

erates nor absorbs reaction products and hence the flow
material is equal to zero. When the temperature of the
plate is near the ignition temperature (and only in

s case) (dT/dx), at the hot plate is equal to gzero.

s when we reach the ignition conditions the temperature
14 becomes similar to the field of concentration, since
and b are defined dy the identical equations and iden-
al boundary conditions. Thus 6 = b or 2_5253_12 = b
all points between the plates. If the number of initial
ecules of the combustible nixture was a, thea b will
respond %0 the temperature T determined oy the equa-~
n- . .

p_ e (T-T ¥

a a Q

nagnitude aQ/N is the total anount of heat generated

unit volume during explosion. Tho magnitude e'(T-T,)

the quantity of heat necessary to heat a uanit volune of

ges to tenperature T, Ws are interssted in the ex-

t of conbustion at the wirs itself that ieg, in the mag~

nitude

_1_7_1_ - (T'l—TQ) c! N
a a Q

——..
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—  1s the heat capacity of ‘a single amolecule, %T'N the

a
Dy _ (2,-Ty) C.

*,f ’
| a - Q
by (P3-To) 5 pon.wm, - 500° ana

a

3 that is, in aliy;S“percéht of the

heat capacit 0% @ gram molecule, whence -

| since 0. = 5,

4 1
< a ~ 30
products of -reactioc

n'are found in the mixture near ‘the . -
heated surface. oL .

. . ) - _‘,_b . X 103 -
For Tl = 1300° and Q=3 % 104-?%'= g—;—%%t'm .17,

that is, 17 percent. Thus, up to very high temperatures
the percent of dilution by reaction products, even at tkre
heated surface, is not large. The same relations as for
wires hold for small heated spheres.

Tranglation by S. Reiss,
National Advisory Comnittee
for Aeronautics.
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